The genome of human hepatitis delta virus (HDV) is a small single-stranded RNA with a circular conformation (23) . Numerous isolates from around the world have now been sequenced and arranged according to nucleotide sequence homology into three main groups, referred to as genotypes (7) . Overall, isolates can differ in sequence by as much as 35%. Nevertheless, what have been largely maintained are (i) the overall length, at around 1,679 nucleotides (nt), and (ii) the ability of the RNA to fold, with about 70% of the nucleotides base paired, into what is referred to as an unbranched rodlike structure (42) . In addition to these gross features, we would expect that there will be multiple essential elements on this small HDV genome. We already know several essential sequence features: (i) the open reading frame (ORF) for the small delta antigen (␦Ag-S) (43) ; (ii) the signals for polyadenylation (16) ; and (iii) the domains for the two ribozymes (22, 36) . Others have begun to search for domains which might act as putative promoters for RNA-directed RNA synthesis (1, 27, 29) . As with the plant viroids, which have many similarities to HDV, we expect that there will be alternative structural features that have essential transitory roles, such as metastable states occupied during RNA folding and processing (35) .
Previous studies have used deliberate mutagenesis of the HDV RNA and yielded information about essential cis-acting sequences. The studies have involved as little as only 1 or 2 nt changed (1, 6, 18, 20, 44) , which in some cases was sufficient to inhibit accumulation of processed RNA transcripts. In other cases, major truncations of the rodlike structure were considered. However, in all cases, such truncations completely abolished RNA replication and accumulation (25) .
The aim of this study was to use mutagenesis to investigate what might be essential cis-acting features at the two ends of the predicted rodlike structure. As explained below, there are already data to suggest important features not at the exact end regions but adjacent to them.
During HDV replication, there is detected, in addition to both the genome and its complement, the antigenome, relatively lower amounts of a third RNA. It is a polyadenylated RNA of the same polarity as the antigenome that could be the mRNA for ␦Ag. As indicated in Fig. 1A , which shows only genomic RNA sequences, the 5Ј end of this RNA has been mapped by primer extension to nt 1631, 9 nt away from what is referred to here as the top of the rod (16). We do not yet know whether this 5Ј end has a cap structure. There are data which indicate that the host RNA polymerase II is the enzyme involved in HDV transcription (12, 28) , and it has been speculated that the 5Ј end of the mRNA corresponds to a specific initiation site (39) . (However, if position 1631 is truly an initiation site, then it is puzzling that such transcription would begin with pppU rather than with pppG or pppA.) Others have looked at this region at the top end of the rod for a specific promoter. As indicated in Fig. 1A , there is a 29-nt region, extending to within 10 nt of the top, which when expressed as a double-stranded cDNA can function as a promoter for RNA polymerase II (29) . An overlapping but significantly larger region can even act to promote transcription in the opposite direction (29) . In a more recent study, Beard et al. have made a comparison of the top ends of several known HDV sequences and deduced the conservation of putative promoter elements (1) . Furthermore, an evaluation of nine mutants in this same region has been interpreted as providing supporting evidence (1) . One of the aims of our study was to use mutagenesis to investigate the importance of sequences at the top of the rod, adjacent to but not overlapping with the putative promoter element (Fig. 1A) .
The cis-acting features nearest to the bottom end of the rod are the ribozymes for the genome and antigenome. As indicated in Fig. 1B , these ribozymes which are predicted from in vitro studies extend to about 24 nt from the bottom of the rod (37) . Such, however, are only predictions since the limits of the ribozymes have not been tested in vivo. With this limitation in mind, the second objective of our study was to use mutagenesis to investigate the bottom of the rod for possible essential cis-acting elements. Previous studies have attempted to use the bottom of the rodlike structure as a site for the insertion of non-HDV sequences (17, 32, 40) . Therefore, we were also interested in testing the limits of insertions and deletions in this region.
In all of these studies, our experimental approach was to test each of the mutant genomes by transfection into cells and then quantitate the ability to replicate and thereby accumulate processed HDV RNA species. However, as will be explained, when we tested the consequences of certain mutants with specific variations of this assay strategy, we sometimes obtained quite different answers. Overall, we have become more cautious in interpreting mutagenesis data based on an apparent loss of replication function.
MATERIALS AND METHODS
Initiation of HDV replication by using eukaryotic expression vectors containing modified cDNA sequences. To evaluate the replication ability of mutant HDV genomes, we used an approach described by Lazinski and Taylor (25) . Different HDV mutants were constructed from two pSVL-based expression vectors, pDL553 and pHN5. Plasmid pDL553 contained 1.2 copies of genomic cDNA, which had the redundancy of the HDV self-cleavage domains. pHN5 was produced by replacing the ampicillin resistance gene of pDL553 with the kanamycin resistance gene from plasmid pET-28a(ϩ) (Novagen) to eliminate the ScaI site in the ampicillin resistance region.
Mutations at the top and the bottom of rodlike HDV RNA ( Fig. 1) were introduced by PCR, using the strategy shown in Fig. 2 . A primer synthesized to contain the desired mutation, together with a fixed 5Ј-biotin-labeled primer, was used for PCR amplification. The PCR product was immobilized to avidin-coated superparamagnetic beads (Dynal) and subjected to two consecutive restriction enzyme digestions. The second digestion released the desired fragment from the beads ready for forced cloning. For the top, mutations were cloned into plasmid pHN5 as a ScaI-BglII fragment ( Fig. 2A) . For the bottom, mutations were cloned into plasmid pDL553 as either an XbaI-BstXI fragment (Fig. 2B) or, for larger deletions, a KpnI-BstXI fragment (Fig. 2C) . Typically, the mutant constructs were prepared by using a PerfectPrep plasmid DNA kit (5 Prime33 Prime) and verified by automated sequencing (Applied Biosystems).
To disrupt the ␦Ag ORF, a fragment containing a 2-nt deletion at the EcoRI site (20) was excised from pDL542 (24) and cloned into individual mutant constructs.
In vitro RNA transcription. The vectors used to transcribe HDV RNA in vitro were created by using plasmid pTW101, in which a partially redundant HDV cDNA was inserted between a T7 promoter and terminator. The fragments bearing mutations were produced by digestion of pSVL-based mutant constructs with HindIII and NheI and cloned into pTW101. DNA of the pTW101-derived plasmids (1 g) was used for in vitro RNA synthesis by T7 polymerase (Promega) under standard conditions (12) . Following transcription, products were treated with RQ DNase I (Promega) and extracted as previously described (12) .
Transfection, RNA extraction, and Northern analysis. Huh7 (31) or COS7 (13) cells were grown on 6-or 24-well tissue culture dishes (Sigma) to approximately 80% confluence. For DNA transfection, we used a calcium phosphate method (15) . For RNA transfection, we used a Lipofectamine procedure (3) and COS7 cells stably transfected to express ␦Ag-S (8).
Cells were harvested at either 9 days or every 2 to 3 days, out to 18 days after transfection. Total RNA was extracted by a guanidine-thiocyanate-phenol-chloroform procedure (11) . RNA samples were glyoxalated and subjected to electrophoresis in gels of 1.5% agarose. After electrotransfer to charged nylon membranes (Zetaprobe GT; Bio-Rad), antigenomic HDV RNA sequences were detected by using an RNA probe synthesized by transcription in the presence of [␣-
32 P]UTP (DuPont). The levels of antigenomic RNA were quantitated with a phosphorimager (Fuji). As an internal control for the quantity and quality of the extracted RNA, the filter was stripped and rehybridized by using a 5Ј-labeled oligonucleotide (5Ј-GCTGAACGCCACTTGTCCCT-3Ј) specific for human 18S rRNA.
Cloning of HDV RNAs from transfected cells. To remove contaminating DNA from the extracted cellular RNA, the RNA was digested with RQ DNase I for 1 h and isolated as described previously (33) . cDNA was synthesized by using Superscript II (Bethesda Research Laboratories) and primers that annealed to antigenomic RNA. The reaction product was heat inactivated and then subjected to PCR amplification using Vent polymerase (New England Biolabs). The PCR product was gel purified and cloned into a pGEM4Z vector (Promega). Recombinant plasmid DNA was prepared by using a PerfectPrep kit, and the sequence was determined by automated sequencing. 
RESULTS
Mutagenesis at the top and bottom of HDV RNA rodlike structure. Wang et al. first sequenced an entire HDV genome and predicted that it could be folded into a rodlike structure (42) . Figure 1 shows the top and bottom of the structure predicted for the sequence subsequently determined by Kuo et al. (21) . Using this sequence and folding, we designed top and bottom mutations, with the caveat that disruptions of the basic rodlike structure should be kept to a minimum. We made a series of insertions and deletions in the stem regions adjacent to the loops and also randomized the loop sequences. These mutant constructs were transfected into Huh7 cells, and after 9 days the RNA was harvested. Levels of antigenomic RNA accumulation were quantitated by Northern analysis and expressed as a percentage of that achieved in assays using the wild-type genome.
The results for 14 mutants altered at the top of the rod are summarized in Table 1 . Six mutants with a randomized 5-nt loop sequence each accumulated RNA almost as well as the wild type. Similar results were obtained following the addition of 2 or 4 nt to the loop or the addition of 1 bp to the adjacent 6-bp stem. However, after insertion of 2 bp to the stem, RNA accumulation dropped sixfold. Deletion from the adjacent stem had even more dramatic effects. Removal of 1, 2, or 3 bp reduced the accumulation 100-, 1,000-, or Ͼ1,600-fold, respectively. A final mutation was simply to flip the nucleotides present in the 6-bp stem. It caused a 50-fold inhibition of accumulation.
The results of a similar study of 22 mutants altered at the bottom of the rod are summarized in Table 2 . Here the predicted loop is larger, 7 nt, but again, each of six mutants with this sequence randomized accumulated almost as well as the wild type. Further, there was no significant effect when we added to the predicted adjacent 5-bp stem 1, 2, 3, 4, 5, or 6 bp. Moreover, in contrast to results for the top of the rod, we were able to remove 1, 2, or 3 bp from the predicted 5-bp stem without a significant effect. Surprisingly, when we removed both the 7-nt loop and an adjacent 3 bp, we saw only a reduction to 45% of the wild-type level. After removal beyond this stem, we began to see dramatic inhibition of accumulation. In none of these did we remove any of the predicted ribozyme domains; however, it is possible that altered RNAs were no longer able to correctly fold the ribozyme domains. When we removed a total of 43 nt, now reaching to 2 nt from the predicted edges of known ribozyme domains, accumulation was not detectable (Ͻ0.06%).
In these studies, the bottom of the rodlike structure was found much more tolerant to changes than the top. Therefore, we considered taking the bottom structure, removing 13 nt, and then adding back foreign sequences. We show examples of adding back the epsilon sequences of woodchuck hepatitis virus (WHV) and duck hepatitis B virus (DHBV); these sequences are 57 and 55 nt long, respectively (19) . Others have studied the role of these two sequences in the initiation of reverse transcription and in RNA packaging (38) . One reason for considering addition of these two sequences is that their predicted foldings have been previously studied and found to superficially resemble the ends of the HDV rodlike structure (19) . Their predicted foldings consist of two stems, separated by a 6-nt bulge and ending with a loop of 6 to 7 nt. As summarized in Table 2 , we observed that HDV containing the WHV epsilon accumulated to 20% of the wild-type level. In contrast, the insertion of DHBV epsilon reduced replication to 1%.
Sequence stability of mutant HDV. By Northern analyses, some of the top and bottom mutants accumulated RNA at levels close to the wild-type level. We therefore tested eight such mutants to determine whether this was due to sequence reversion. RNA isolated from cells at 9 days after transfection was subjected to reverse transcription (RT)-PCR, cloning, and sequencing. As summarized in Tables 1 and 2 , we found no reversion. This was even true for the construct with the 57-nt WHV epsilon sequence.
Time dependence of RNA accumulation. In the studies described above, we assayed genome replication at a single time point, 9 days after transfection. For eight mutants, we next examined a time course of RNA accumulation from 0 to 18 days, with samples taken every 3 days. We determined the amount of unit-length HDV antigenomic RNA per unit mass of 18S rRNA. The results for four top and four bottom mutants are presented in Fig. 3A and B, respectively.
Note that the RNA level for the wild type reached a peak at about day 9 and then declined. We think that two factors contribute to this apparent decline. First, the data are expressed as HDV RNA per unit mass of cellular RNA, a value which itself is increasing with time. Some of this increase may be outgrowth of untransfected cells (2) . Second, we note that because of RNA editing (26) , increasing amounts of the large form of ␦Ag (␦Ag-L) accumulate with time and that this species acts as a potent dominant negative inhibitor of genome replication (9) . In addition to ␦Ag-L, there are data to suggest that during replication other variant forms of ␦Ag arise and For each mutant, we used a pair of primers. One contained a 5Ј-biotin (indicated by the shaded circle), and the other contained the mutation to be added. After PCR, the restriction fragments in each of the three panels were purified and inserted into appropriate vectors as described in Materials and Methods. P, Q, R, S, T, and U designate primers. that these can also contribute to the inhibition of genome replication (4, 5) .
The time course for each of the four top mutants is shown in Fig. 3A . Generally they accumulated more HDV RNA over time, and they peaked either not at all or later than the wild type. Because of this, some but not all of the mutants appeared to catch up to the wild type. For example, the mutant topϩ2bp achieved even more accumulation than wild type at days 15 and 18, while at day 9, as in Table 1 , it represented only 16% of the wild-type level. Thus, the evaluation of mutant accumulation ability, determined at a single time point, could, depending on that time point, result in an overestimate or an underestimate.
One interpretation of the delay for such a mutant relative to the wild type is that mutant genomes can gain in replication competence by accumulating further changes, at the same site and/or at other sites. To test for such changes, we took RNAs from transfected cells at days 9 and 15 and carried out RT-PCR, cloning, and nucleotide sequencing. Three clones were partially sequenced for each time point; we found no changes compared to the original mutated sequence.
A similar time dependence of RNA accumulation was obtained for four mutants made at the bottom of the rod, as shown in Fig. 3B . For example, by 18 days, mutant bottom-16 almost caught up to the wild type.
␦Ag-S enhances replication of top mutants but not bottom mutants. In the foregoing studies, ␦Ag-S, which is essential for genome replication, was provided by the replicating genome. Therefore, to account for possible defects in ␦Ag synthesis, we tested two mutants by using a different strategy, in which we transfected the mutant or wild-type cDNA into COS7 cells stably transfected with a plasmid expressing ␦Ag-S. RNA samples were collected at intervals of 2 or 3 days from 0 to 18 days, and unit-length HDV RNA accumulation was assayed (Fig.  4A ).
The two mutants tested, one at the top and one at the bottom, had been assayed previously as replicating at only 1 to 6% of the wild-type level (Tables 1 and 2 ). In this assay (Fig.  4A) with ␦Ag provided separately, the bottom mutant still accumulated to only low levels, while the top mutant accumulated to levels comparable with the wild-type level. Again, we confirmed by RT-PCR, cloning, and sequencing that the sequence of the mutant genome was stable (45) . Another interpretation, considered in Discussion, is that the top mutant was defective in its ability to make sufficient ␦Ag. As in Fig. 3 , we note in Fig. 4A that the time-dependent accumulation curve went up to a peak and then declined; also, the top mutant achieved its peak value about 6 days after the wild type. However, the results of these assays differ from those in Fig. 3 in that maximum levels of wild-type HDV accumulation are reached much faster, within only 2 to 4 days.
As a follow-up to the foregoing experiments, we tested whether the results would differ if the genome replication was initiated with RNA transcribed in vitro. We found no significant difference (Fig. 4B) . Accumulation of the wild type was again very early and reached a maximum at only 2 to 4 days.
RNA accumulation when the ␦Ag ORF is disrupted. The foregoing assays might have been complicated by the appear- Fig. 1 . b By Northern analyses, levels of antigenomic RNA were quantitated with a phosphorimager, normalized to the level for 18S rRNA, and expressed as a percentage relative to the wild-type accumulation ability.
c RNA collected at 9 days after transfection was subjected to RT-PCR and cloning. Three clones were sequenced, and ϩ indicates that the sequences were identical to the original mutated sequence. Sequencing was not carried out for the other mutants.
d The RNA sequences correspond to positions 1618 to 1656. Nucleotides different from the wild-type sequence are indicated in lowercase. e To create random mutants of the loop sequence, we used oligonucleotide primer P (Fig. 2) , which was degenerate in this loop region. Six clones of unique sequence were used in transfection.
f The 6-bp stem predicted to be adjacent to the terminal loop, as indicated in Fig. 1 . The flip corresponds to exchanging the bases on one side of the stem with those on the other.
ance of ␦Ag-L and other variants which can be dominant inhibitors of replication. This potential problem might have occurred even when some ␦Ag-S was provided in trans from a separate plasmid. Therefore, to exclude this possibility, we introduced a deletion of 2 nt near the N terminus of the ORF for ␦Ag into each of the constructs. Previous studies had shown that this change did not interfere with genome replication, as long as ␦Ag-S was provided in trans (20) .
Therefore, the mutants used in Fig. 4 were modified as described above and tested by transfection of cDNA constructs into cells stably expressing ␦Ag-S. As can be seen in Fig. 5A , the two mutants were able to accumulate antigenomic RNA at levels only Ͻ20% of the wild-type level. (The relatively high value for the wild type at day 2 was probably an experimental variation; it was not reproduced in a separate experiment.) Similar results were obtained when genome replication was initiated by using RNA synthesized in vitro (Fig. 5B) . We note that the RNA accumulation reached a peak value and then tended to persist with time. We interpret this persistence as due to the fact that here all ␦Ag is ␦Ag-S; there are no variant forms, like ␦Ag-L, which could inhibit HDV RNA synthesis. 
Loop and adjacent stem deletion 13 nt 45 e To create random mutants of the loop sequence, we used oligonucleotide primer R (Fig. 2) , which was degenerate in this loop region. Six clones of unique sequence were used in transfection.
f See the text. Tables 1 and 2 . WT, wild type.
DISCUSSION
One of the objectives in carrying out this mutagenesis study was to investigate essential cis-acting elements at the bottom end of the HDV rodlike genome. We found that the bottom region was highly tolerant of base changes in the loop and of insertions as well as deletions in the adjacent stem region (Table 2 ). If we removed larger regions extending closer but not even into the ribozyme domains, as predicted from studies in vitro (34) and in vivo (18, 30) , we did observe inhibition of accumulation. We speculate that this may be because the deletions create novel RNA foldings which interfere with the correct folding of the essential cis-acting ribozyme domains. Consistent with this interpretation was the effect of a change from CU to UC (at nt 815 to 816) in the unpaired region immediately adjacent to the predicted antigenomic ribozyme domain; this led to a 10-fold reduction in RNA accumulation ability (45) . We next tested the simultaneous removal from the bottom of the rod of 13 nt and the replacement with more than 50 nt of foreign sequences. In one of two cases, the residual ability of the modified genome to replicate and accumulate RNA was 20% of that of wild-type HDV, which we estimate to be about 60,000 copies per cell (10). Also we confirmed that the modification was maintained during genome replication (Table 2) . Thus, in this case, our data are supportive of the principle of using the HDV genome as a vector for such a short non-HDV sequence. At the same time, we found that after insertion of a very similar sequence genome, accumulation was only 1%, thus providing a warning that even for short insertions, success is not predictable.
The other objective of this study was to evaluate possible cis-acting sequences at the top of the rodlike structure (Fig.  1A) . As mentioned in the introduction, this end of the rod is actually adjacent to, rather than overlapping, the region which Beard et al. have interpreted as a promoter for RNA-directed RNA synthesis (1) . We found that variations of the terminal loop sequence, or even modest increases in its size, had no effect on HDV RNA accumulation (Table 1 ). This could mean that the loop region is not critical for RNA replication and accumulation. However, our studies do not exclude the interpretation that this region, independent of its sequence or size, is essential. It is maybe worth noting that early studies of viroid replication demonstrated by electron microscopy the binding of RNA polymerases to the terminal loop regions (14) . In contrast to the loop region, we observed that even small changes in the adjacent stem region had major effects on the ability to accumulate HDV RNA (Table 1) .
We undertook more extensive studies of certain top mutants with which we had detected an effect. By providing ␦Ag-S in trans, from a separate plasmid, the ability of one top mutant to replicate and accumulate genomes was raised from 1% to Ն20% (Fig. 4 and 5) . Nevertheless, the time course of accumulation was still demonstrably slower than for the wild type, suggesting more than one consequence for such a small mutation. With another top mutant, one that had a 2-bp insertion in the stem, the increase was from 16% (Table 1) to essentially 100% (45) . Our interpretation of the rescuability of such mutants is that they suffered from a decrease in the ability to accumulate stable mRNA species needed to act as templates for the translation of ␦Ag. For example, the mutants may have a reduced ability to initiate RNA species which can go on to be stabilized by the addition of a 5Ј-cap structure and a 3Ј-poly(A) tail.
The mutations that we made near the top were designed to have a minimal effect on the rodlike structure. Nevertheless, when an RNA folding program was applied, changes were predicted in the local folding. For example, the 3-nt external bulge region on the genome, which includes nt 1631, the putative mRNA initiation site (Fig. 1A) , was reduced to 2 nt for one mutant (top-flip) and was replaced by 100% doublestranded RNA for another (top-1bp). Such nonpaired regions could be critical sites for the initiation of RNA synthesis. Intriguingly, the 3-nt bulge is very similar to the external bulge on the hepadnavirus pregenomic RNA, at which reverse transcription is initiated (41) . 
